The formation of the aromatic ring during the formation of polycyclic aromatic hydrocarbons (PAHs) remains controversial and the experimental evidence is still lacking. Moreover, the formation mechanism of benzene from acetylene in the gas phase has also puzzled organic chemists for decades. Here, ab initio molecular dynamics simulations and electronic structure calculations provide compelling evidence for an unexpected competitive reaction pathway in which the aromatic ring is formed through successive additions of vinylidene. Moreover, no collisions cause bond dissociation of the acetylene molecule during the formation of benzene in this work. This study reveals the key role for the vinylidene carbene and determines the lifetime of vinylidene.
I. INTRODUCTION
Numerous reactions proceed rapidly and exothermically in combustion processes. Among them, reactions leading to PAHs have attracted considerable attentions because PAHs, which are by-products of the burning of fossil fuels, cause many environmental problems [1, 2] . Furthermore, reactions leading to aromatic compounds in the gas phase have long been of interest to organic chemists since Berthelot succeeded to synthesize benzene from acetylene in 1867 [3] . Thus, a clear understanding of the formation of PAHs is crucial to reduce the number of PAH-like compounds in the combustion emissions and will also benefit organic chemists.
The hydrogen abstraction/acetylene addition [4] [5] [6] [7] mechanism has been considered a key route for the formation of PAHs by a number of researchers [7] [8] [9] [10] [11] [12] . Notably, a common basis of these research indicates that an aromatic ring must be present to initialize the subsequent HACA reactions. However, differences emerge regarding how the ring is formed. In essence, the disagreements involve three types of reactions [3, [13] [14] [15] . One type of formation reaction is the even-carbon-atom pathway, which involves addition reactions between C4 hydrocarbons and C2 hydrocarbons [5, [16] [17] [18] including CH≡C−CH=ĊH + C 2 H 2 → phenyl (1) * Author to whom correspondence should be addressed. E-mail: jxding@dicp.ac.cn
Another type of formation reaction is the odd-carbonatom pathway [19] [20] [21] :
Finally, the third type, which is discussed below, is the cyclization pathway [14] :
Although several studies support reactions (1)−(3), evidence to dismiss these pathways also exists. For instance, there are uncertainties regarding the concentrations of n-C 4 H 3 and n-C 4 H 5 for the even-carbonatom pathway [22] . Furthermore, for the odd-carbonatom pathway, the experimental reactants include 1,5-hexadiyne [21] , allene [19] , and Na+C 3 H 3 X [20] (X=Cl or Br). Thus, further investigation is required to clarify the formation of the aromatic ring. Moreover, although significant progress has been made in the development of scientific instruments, it remains difficult to monitor complex chemical reactions, such as the ultrafast reactions that occur during combustion process, and to detect short-lived intermediates in situ. To the best of our knowledge, this reason is primarily why the formation route for the aromatic ring in the HACA mechanism has not yet been directly observed experimentally. Ab initio molecular dynamics simulations are considered suitable to compensate for the lack of experimental data.
Though many studies regarding the formation of the aromatic ring have been reported, including the C 3 H 3 Scheme 1 A brief scheme of the newly proposed reaction pathway. radical path, C 4 H 4 radical path described previously, the premier purpose of the present manuscript is to explore the reaction route via a more general way, i.e. through selecting the products with a larger concentration in the realistic combustion system as the reactants of the present work. Experimentally, acetylene, which has a high emission concentration in internal combustion engines [23] [24] [25] [26] , is believed to be a key precursor of PAHs [23, [26] [27] [28] [29] [30] [31] [32] . In addition, the acetylene to benzene reaction at high temperatures is itself an important total synthesis reaction in organic chemistry [14] and has been addressed by many studies, including the pioneering work [33] [34] [35] by Hopf et al. And a possible mechanism by which benzene is generated from acetylene has been proposed [14] . Thus, we select acetylene as the basis to investigate the formation of the aromatic ring using first principles plane-wave based Car-Parrinello molecular dynamics (CPMD) simulations [36] . The BLYP exchange-correlation function was used in the CPMD calculations. The ab initio method has been used in various systems [37] [38] [39] [40] [41] . Electronic structure calculations were performed using the composite method CBS-QB3. Other computational details are provided in supplementary materials.
II. THEORETICAL METHODS
The BLYP exchange-correlation function was used in the CPMD calculations [42] [43] [44] . The ab initio molecular dynamics were performed using a time step of 4.5 a.u. and a fictitious electron mass of 600 a.u. The energy cutoff of the plane-wave basis set to expand the electronic wave functions was carefully chosen and was set to 90 Ry (see FIG. S1, Table S1, Table S2, and  Table S3 in supplementary materials). Additionally, the Troullier-Martins norm-conserving pseudopotential [45] was used. The temperature of both the ions and electrons in the simulations was controlled using NoseHoover thermostats [46] [47] [48] . The ion temperature was set to 3000 K to accelerate the reactions [49] . We note that this temperature is within the experimental range [50] . The electronic degrees of freedom were coupled by a coupling frequency of 10000 cm −1 [49] , and the hydrogen mass was substituted by the deuterium mass [51, 52] . A total of 20 acetylene molecules were placed in a cubic box with a length of 16Å, as depicted in FIG. S2. The density of the system is 0.21 g/cm 3 and is an order of magnitude higher than that reported in experiment [53] to reduce the computational cost because, even with the state of the art computational resources, the ab initio molecular dynamics in gas phase using the exact experimental conditions are hardly manageable for more than a few picoseconds. In addition, the carbene described herein is readily generated through the highly reversible reaction from each other [54, 55] and the C 2 H 2 molecule is abundant [23] [24] [25] [26] . Thus, to the best of our knowledge, the results shown here are credible. Periodic boundary conditions and an NVT ensemble were used in this work. Approximately 21.77 ps in this work are required to form a benzene ring, and data within this time period were collected and analyzed. In addition, unless otherwise specified, the geometry optimization and the Gibbs free energy calculations were performed using the composite method CBS-QB3. This method has been shown to be suitable for the calculation of C/H systems [44, [56] [57] [58] [59] [60] . All frequencies were confirmed by way of frequency analyses, and IRC calculations were performed for the transition states to ensure that they corresponded to the intended reactants/products. The molecular dynamics simulations were conducted using the cpmd-3.17.1 code [61] , and all electronic structure calculations were performed using the Gaussian 09 software package [62] .
III. RESULTS AND DISCUSSION
Unexpectedly, no molecular collisions during the simulated time period induced C−H bond or C−C bond dissociation in acetylene. Instead, the collisions only caused geometric distortions and translations of the acetylene molecules (see supplementary materials for further discussion). This mechanism is plausible given the weak steric hindrance of deformation and the smallmolecule-aided accessible translation of acetylene. The reaction begins with an isomerization of acetylene and the vinylidene carbene, which is consistent with previous reports [63] [64] [65] . Given the prominent role of the vinylidene carbene in the newly proposed pathway (see below), the lifetime of this carbene was also determined (FIG. S7 (a) and (b) ). The results showed that the most vinylidene carbenes survived for more than 100 fs. The shortest lifetime was 38.97 fs and the longest lifetime was 1009.26 fs which is constent with another study [55] . Notably, based on the notion that whether the two migrated H atoms are identical dur- ing the formation and reaction of vinylidene, the isomerization of the vinylidene carbene to acetylene was found to have two distinct mechanisms: an H-exchange mechanism (FIG. S7(c) ) and a non-H-exchange mechanism (FIG. S7(d) ). In addition, the conversion between acetylene and vinylidene carbene is so highly reversible from each other [55] that makes the carbene seem to have lived for 3.5 µs in the CEI experiment [54] .
We now focus on the formation of the benzene molecule. A brief route is depicted in Scheme 1. Although CPMD simulations can provide an accurate trajectory for the reaction pathway, additional Gibbs free energy changes were calculated at 298.15 K, 1 atm to provide a precise energy diagram for quantitatively evaluating the competitiveness of the reaction pathway. The results are depicted in FIG. 1 .
First, the carbon atom with two unpaired electrons in the vinylidene carbene, which isomerized from acetylene, attacks one acetylene molecule to form methylenecyclopropene (abbreviated as IM3 hereafter). IM3 is then attacked by the vinylidene carbene to eventually form benzene (a video of selected key snapshots is provided for clarity). As seen in FIG. 1 , acetylene isomerizes to form vinylidene (IM2) through TS1. This process, along with the calculation of rate constants, has been widely discussed and interested readers can refer elsewhere [66] [67] [68] [69] [70] [71] [72] [73] . Though the calculation of rate constants is not the focus of the present manuscript, it is noteworthy to clarify that one should also consider the concentrations of the reactants besides the rate constants to evaluate the contribution of one reaction route. As a high-energy carbene, vinylidene with the two lone electrons readily pairs with two p-orbital electrons from the two C atoms in acetylene to form IM3 through transition state TS3 with a barrier of 12.68 kcal/mol. And an acetylene π-bond must be broken for this reaction to proceed. In FIG. 1, IM3 and IM3 ′ are identical structures, but their relative energies differ based on their respective pathways. IM3 could react with another vinylidene carbene through a 18.37 kcal/mol barrier at transition state TS4 to give IM4, a six C-based ring with its two meta-position C atoms bonded together. FIG. S5 (supplementary materials) indicates that IM4 is formed ahead of the H migration to form IM5, which proceeds through TS5 via a 3.65 kcal/mol barrier. Next, the IM5 intermediate proceeds through the meta-position C−C bond dissociation and another intra-molecular Hatom migration with respective barriers of 8.25 and 0.31 kcal/mol to finally generate benzene. In summary, reaction (5) proceeds through roughly four steps: formation of a 5-member ring, hydrogen migration, ring expansion, and another H migration.
A notable mechanism in Ref. [14] , as indicated in FIG.  2(a) , argues that vinylidene (B) could insert into the C−H bond of acetylene to form vinylacetylene (C). Then, the H atom on the terminal carbon atom of (C) migrates to form (D). The carbon atom with two free electrons in (D) could then insert into the C−H bond of another acetylene to give hexa-1,3-dien-5-yne (E), followed by the isomerization of (E) to form ben- zene. This route represents a competing pathway to that of our newly proposed mechanism. The key step in the two mechanisms involves whether the vinylidene carbene reacts with acetylene to form methylenecyclopropene (i.e., from IM2 to IM3 in FIG. 1) or is inserted into the C−H bond of acetylene to form vinylacetylene (i.e., from (B) to (C) in FIG. 2(a) . To clarify the competitiveness of the two steps in each mechanism, additional calculations were performed. For the reaction from (B) to (C) depicted in FIG. 2(a) , a transition structure TS9 (FIG. 2(b) ) is found. The energy barrier of TS9 is 29.29 kcal/mol, whereas the barrier of the competing step in the newly proposed mechanism is 12.68 kcal/mol, which suggests that the newly proposed pathway is more advantageous than that proposed in Ref. [14] . Additionally, we note that the vinylacetylene carbene cation could isomerize to methylenecyclopropene following exposure to light [74] . Kiefer et al. also reported pathways through the IM3 structure, but a cycle opening of IM3, which might make this route less favor because a C=C=C linear bend structure is generated due to the ring opening, is involved in their following route [75, 76] .
As stated previously, no collisions to induce bond dissociation in acetylene were observed. A single C−H bond dissociation must absorb approximately 131.30 kcal/mol, and approximately 230.60 kcal/mol is required to break a C≡C bond [77] . Thus, the first vinylidene reaction with acetylene, which possesses an energy barrier of 12.68 kcal/mol, is preferred. We note that 43.72 kcal/mol in forming vinylidene carbene is the highest energy barrier of the entire pathway. It has also been argued [63] [64] [65] that the pyrolysis of acetylene actually begins with its isomerization and that multiple re-crossings between acetylene and vinylidene are realistic because of the coupling between kinetic energy and the vibrational mode [55] . The multiple re-crossings are consistent with Coulomb explosion imaging (CEI) experiment [54] , in which experiment Levin et al. reported that half the molecules were roughly "still" vinylidene at 3.5 µs after the birth of this carbene. Another reaction that might be considered is the addition of a second vinylidene rather than an acetylene molecule. Based on the PES, we see that the energy barriers of adding an acetylene molecule and vinylidene carbene are 31.34 and 18.37 kcal/mol, respectively. Thus, the second vinylidene is preferred. Additionally, reactions involving carbenes are typically faster than those involving closed-shell species. The new route is also supported by results showing that acetylene has a higher emission concentration and is widely believed to be an important contributor to the formation of soot [23, 27-29, 31, 32] . Thus, the successive vinylidene addition pathway may be more important in the formation of benzene compared to previously described pathways.
IV. CONCLUSION
This report presents compelling evidence of a viable pathway by which the aromatic ring forms under high temperature conditions. According to the ab initio calculations, benzene can be formed through successive vinylidene additions. No collisions involving acetylene were found to induce C−H bond or C−C bond dissociation. These findings are in direct contrast to previous results suggesting that the formation of benzene molecule occurs through reactions between a C 4 H x radical and a C 2 H y radical, which are formed through acetylene collisional reactions or between C3 radicals. The reaction pathway presented herein is energetically preferable than the pathway described in [14] . Considering the abundance of acetylene, the conversion between acetylene and vinylidene carbene is highly reversible from each other [55] , the experimental result that half molecules are "still" vinylidene after 3.5 µs in CEI experiment [54] , and the faster reaction of the car-DOI:10.1063/1674-0068/31/cjcp1802019 c ⃝2018 Chinese Physical Society benes involved in the reactions, successive vinylidene additions may contribute significantly to the formation of benzene under certain conditions. In addition, most of the vinylidene carbenes in the present simulation were found to survive for more than 100 fs. Consequently, we expect this mechanism to be helpful in clarifying the formation of aromatic compounds. At last, these theoretical results await direct comparison from experiments, which hopefully could be provided by time-resolved coulomb explosion imaging experiments [78] .
Supplementary materials: Further discussions on the effects brought by molecular collisions and definitions of lifetime of vinylidene are provided in the supporting materials. We provide also additional information about validations of CPMD calculations, enlarged images and optimized coordinates of intermediates involved in the newly proposed reaction route.
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